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We investigate the deviation in the couplings of the standard model (SM) like Higgs boson (h) with a 
mass of 125 GeV from the prediction of the SM in multi-doublet models within the framework where 
ﬂavour changing neutral currents at the tree level are naturally forbidden. After we present the general 
expressions for the modiﬁed gauge and Yukawa couplings for h, we show the correlation between the 
deviation in the Yukawa coupling for the tau lepton hτ+τ− and that for the bottom quark hbb¯ under 
the assumption of a non-zero deviation in the hV V (V = W , Z) couplings in two Higgs doublet models 
(2HDMs) and three Higgs doublet models (3HDMs) as simple examples. We clarify the possible allowed 
prediction of the deviations in the 3HDMs which cannot be explained in the 2HDMs even taking into 
account the one-loop electroweak corrections to the Yukawa coupling.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The observation of the discovered Higgs boson h(125) with de-
caying into a pair of tau leptons [1,2] provided more evidence for 
the existence of at least one SU (2)L doublet scalar ﬁeld in ad-
dition to various other measurements of the properties of h(125)
at the CERN Large Hadron Collider (LHC). Then, the natural ques-
tion is “how many doublet ﬁelds are there in the Higgs sector?” 
In general, multi-Higgs doublet models (MHDMs) can reproduce 
the predictions of the standard model (SM) composed of only one 
Higgs doublet, and so we should take into account the possibility 
of the existence of multi-doublets.
On the other hand, multi-doublet ﬁelds arise in many models 
beyond the SM. As the most familiar example, in the minimal su-
persymmetric SM (MSSM) the Higgs sector is extended to have two 
doublets because of the requirement of gauge anomaly cancella-
tion. In addition, the multi-doublet structure is required to have an 
additional source of CP-violation, which is necessary to realize the 
successful scenario of electroweak baryogenesis [3–5]. Moreover, 
additional doublets are often introduced in various loop-induced 
neutrino mass models, such as the model by Zee [6] and by Ma [7],
etc. The point is that the structure of MHDMs depends on new 
physics scenarios, e.g., in the MSSM the so-called Type-II Yukawa 
interaction is adopted. Therefore, by studying the phenomenology 
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SCOAP3.of MHDMs with a bottom-up approach, we can narrow down the 
possible scenarios of new physics beyond the SM.
One of the most important issues when MHDMs are discussed 
is the possibility of ﬂavour changing neutral currents (FCNCs) me-
diated by neutral Higgs bosons, which appear at the tree level 
in general. The simplest way to avoid such FCNCs is to realize a 
Yukawa Lagrangian where each type of fermion, i.e., charged lep-
tons, up-type and down-type quarks couples to only one scalar 
doublet ﬁeld. This is usually achieved by imposing discrete symme-
tries in the Higgs sector, and is so-called “natural ﬂavour conser-
vation” (NFC) [8]. Depending on how doublet ﬁelds couple to each 
type of fermions, there are four (ﬁve) independent types of Yukawa 
interactions in models with two (more than two) doublets [9].
In this paper, we discuss the deviation in the couplings of 
h(125) to weak bosons (hV V and V = W , Z ) and fermions (hf f¯ )
from the SM prediction in the MHDMs with NFC. In Ref. [10], it 
has been clariﬁed that the four types of Yukawa interactions in 
two Higgs doublet models (2HDMs) can be determined by measur-
ing the correlation between the deviations in the charged lepton 
Yukawa couplings hee¯ and the down-type quark Yukawa couplings 
hdd¯ as long as there is a non-zero deviation in the hV V couplings. 
Now, we extend this discussion to models with N Higgs doublet 
ﬁelds, and we investigate how the pattern of the deviation can be 
different in 2HDMs and in MHDMs with N ≥ 3.
This paper is organized as follows. In Sec. 2, we deﬁne the 
MHDMs with NFC. We then give the general expressions for the 
hV V and hf f¯ couplings. We show more explicit forms of these 
couplings in the 2HDMs and the three Higgs doublet models under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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sults of the deviation in the couplings of h(125) especially for the 
hτ+τ− and hbb¯ couplings in the 2HDMs and the 3HDMs. Conclu-
sions are given in Sec. 4.
2. Multi-doublet models
2.1. Higgs basis
We consider models with N Higgs doublet ﬁelds1 i (i = 1,
. . . , N) with hypercharge2 Y = +1/2 and vacuum expectation val-
ues (VEVs) vi ≡
√
2〈0i 〉 which are taken to be real. Throughout 
this paper, we assume that the Higgs sector has neither explicit nor 
spontaneous CP-violation for simplicity. In order to extract cou-
plings among physical Higgs bosons and gauge bosons or fermions, 
it is convenient to deﬁne the so-called Higgs basis [11], where only 
one of the N doublets has the VEV v which is related to the Fermi 
constant GF by v = (
√
2GF )−1/2  246 GeV. The Higgs basis is de-
ﬁned via the N × N orthogonal matrix R by⎛
⎜⎜⎜⎝
1
2
...
N
⎞
⎟⎟⎟⎠= R
⎛
⎜⎜⎜⎝

2
...
N
⎞
⎟⎟⎟⎠ . (1)
The doublets  and a (a = 2, . . . , N) appearing in the right-hand 
side of Eq. (1) are expressed as
 =
(
G+
H˜+v+iG0√
2
)
, a =
(
H˜+a
H˜a+i A˜a√
2
)
, (2)
where G± and G0 are the Nambu–Goldstone bosons which are ab-
sorbed into the longitudinal components of the W± and Z bosons, 
respectively. In Eq. (1), the matrix R is expressed in terms of N −1
angles, so that the N VEVs are translated into v and the N − 1
angles. By using R , each of VEVs is expressed as
vi = Ri1v, (3)
and the sum rule: 
∑
i v
2
i = v2
∑
i R
2
i1 = v2 follows from this equa-
tion. In the Higgs basis, the N − 1 pairs of singly-charged states 
H˜±a , N − 1 CP-odd states A˜a and N CP-even states H˜i ≡ (H˜, H˜a)
are not mass eigenstates in general. Their mass eigenstates can be 
deﬁned by introducing (N −1) × (N−1) unitarity matrices R± and 
RA for the singly-charged states and CP-odd states and an N × N
unitary matrix RH for the CP-even states as
H˜±a = (R±)abH±b , A˜a = (RA)ab Ab, H˜i = (RH )i j H j. (4)
We identify the h ≡ H1 state as the discovered Higgs boson with a 
mass of 125 GeV.
Let us move on to the construction of the kinetic term and the 
Yukawa Lagrangian for the scalar doublets in the Higgs basis. With-
out loss of generality, the kinetic term is expressed as follows:
Lkin = |Dμ|2 +
N∑
a=2
|Dμa|2, (5)
where Dμ is the covariant derivative for the doublet Higgs ﬁelds. 
From the above Lagrangian, the gauge–gauge-scalar type interac-
tion is obtained from the ﬁrst term, because only  contains the 
1 The number of doublets can be constrained from the electroweak oblique S
and T parameters. In Ref. [12], the maximally allowed number of doublets has been 
given as a function of a mass difference among Higgs bosons.
2 The electric charge Q is given by Q = T3 + Y with T3 being the third compo-
nent of the isospin.VEV v . Thus, we can extract the couplings of h with weak bosons 
as
ghV V = (RH )11 × gSMhV V , V = W , Z , (6)
where we take 0 ≤ (RH )11 ≤ 1. We note that from the second 
term in Eq. (5), we obtain the scalar–scalar-gauge type interactions 
which are proportional to the derivative of a scalar ﬁeld. These 
interaction terms can be important when we consider production 
and decay of extra Higgs bosons.
Next, we give the Yukawa Lagrangian. In the scenario based on 
NFC, the Yukawa Lagrangian takes the following form:
−LY = Q¯ L Yu ˜uuR + Q¯ L Yd ddR + L¯L Ye eeR + h.c., (7)
where u,d,e are any one of i , and ˜ = iσ2∗ with σ2 being the 
second Pauli matrix. Here, we do not explicitly show the ﬂavour 
indices. The Lagrangian given in Eq. (7) is naturally realized by im-
posing discrete symmetries such as ZN for models with N Higgs 
doublet ﬁelds. Under such a discrete symmetry, all the N dou-
blets can have a distinct charge from each other. Depending on 
the charge assignment for the right-handed fermions,3 there ap-
pear ﬁve independent types of Yukawa interactions. They can be 
deﬁned as follows:
Type-I : u = d = e, (8a)
Type-II : u 
= d, d = e, (8b)
Type-X : u = d, d 
= e, (8c)
Type-Y : u 
= d, u = e, (8d)
Type-Z : u 
= d, d 
= e, e 
= u . (8e)
A similar classiﬁcation of the Yukawa interactions has been pre-
sented in Ref. [13]. We note that the Type-II, Type-X and Type-Y 
(Type-Z) are realized for N ≥ 2 (N ≥ 3).
The Yukawa Lagrangian can be rewritten in the Higgs basis as
−LY =
√
2
v
[
Q¯ LMu
(
˜ +
N∑
a=2
ξau ˜a
)
uR
+ Q¯ LMd
(
 +
N∑
a=2
ξada
)
dR
+ L¯LMe
(
 +
N∑
a=2
ξae a
)
eR
]
+ h.c., (9)
where Mu , Md and Me are respectively the mass matrix for up-
type quarks, down-type quarks and charged leptons, which are 
given by MF = vY F R F1/
√
2 for F = u, d, e. The ξaF factors are de-
termined by the matrix elements of R as follows:
ξaF =
RFa
R F1
, a = 2, . . . ,N. (10)
In terms of (RH )i j and ξaF , the Yukawa couplings for h are ex-
pressed by
yhF F =
[
(RH )11 +
N∑
a=2
(RH )a1ξ
a
F
]
× ySMhF F . (11)
In order to express the deviations in the Higgs boson couplings, 
we introduce the scaling factor for the gauge couplings by κV ≡
3 The charge assignment for the right-handed fermions should be taken as the 
ﬂavour blind way to obtain the Lagrangian given in Eq. (7).
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ξaF factors appearing in Eq. (11) for each type of Yukawa interaction in the 2HDM and the 3HDM. In the 2HDM, the ξ
2
F factors are rewritten by ξF .
2HDM 3HDM
ξu ξd ξe ξ
2
u ξ
2
d ξ
2
e ξ
3
u ξ
3
d ξ
3
e
Type-I cotβ cotβ cotβ cotβ1 cotβ1 cotβ1 0 0 0
Type-II cotβ − tanβ − tanβ cotβ1 − tanβ1 − tanβ1 0 − tanβ2/ cosβ1 − tanβ2/ cosβ1
Type-X cotβ cotβ − tanβ cotβ1 cotβ1 − tanβ1 0 0 − tanβ2/ cosβ1
Type-Y cotβ − tanβ cotβ cotβ1 − tanβ1 cotβ1 0 − tanβ2/ cosβ1 0
Type-Z – – – cotβ1 − tanβ1 − tanβ1 0 − tanβ2/ cosβ1 cotβ2/ cosβ1ghV V /g
SM
hV V and for the Yukawa couplings by κF ≡ yhF F /ySMhF F . We 
can express κF using κV = (RH )11 by
κF = κV +
N∑
a=2
(RH )a1ξ
a
F , with
N∑
a=2
(RH )
2
a1 = 1− κ2V . (12)
From the above expression, it is seen that κF become unity by tak-
ing the limit of κV → 1, and this limit is the so-called “alignment 
limit” [14]. We thus can regard h as the SM-like Higgs boson for 
the case with κV  1. Because of the existence of the alignment 
limit, the MHDMs can safely reproduce predictions in the SM. No-
tice here that in MHDMs, κV must be smaller or equal to unity at 
the tree level.4 On the other hand, |κF | can be both smaller and 
larger than unity due to the second term of Eq. (12).
2.2. Examples
Based on the general discussion given in the previous subsec-
tion, we here consider two simple examples, i.e., the case for N = 2
(2HDMs) and for N = 3 (3HDMs).
In the 2HDMs,5 the matrix R takes the 2 × 2 form as
R =
(
cβ −sβ
sβ cβ
)
, for N = 2, (13)
where tanβ ≡ v2/v1. We introduce shorthand notations for the 
trigonometric functions as cθ (sθ ) = cos θ (sin θ). From Eqs. (10)
and (13), we can ﬁnd that ξ2F (notice that the superscript 2 does 
not mean the square of ξF ) is taken to be either cotβ or − tanβ
depending on the type of Yukawa interaction and the type of 
fermion. If we ﬁx u = 2, all the ξF ≡ ξ2F factors are ﬁxed for 
each type of Yukawa interaction and for each type of fermion as 
shown in Table 1. In addition, the matrix RH also takes 2 × 2 form 
with an angle6 independent of β . Conventionally, this angle is ex-
pressed by β − α (see e.g., [17]), so that RH is written as
RH =
(
sβ−α cβ−α
cβ−α −sβ−α
)
. (14)
Because of the orthogonal property of the RH matrix, (RH )21
(= cβ−α ) appearing in Eq. (12) is simply written by σ
√
1− κ2V
with σ = Sign[(RH )21], and thus κF is determined by tanβ , κV
and σ . Then, κF can be rewritten by
κF = −κV + σ ξF
√
(2− κV )κV
 −κV + σ ξF
√
2κV , (15)
4 If we introduce higher SU (2)L multiplets such as triplets, κV > 1 is possible at 
the tree level [15].
5 For a comprehensive review on 2HDMs, see Ref. [16].
6 This angle depends on parameters in the scalar potential. In this paper, we do 
not explicitly show the potential whose structure depends not only on the number 
of doublets but also on the symmetry to avoid the tree level FCNCs.where κV ≡ 1 − κV (≥ 0) and κF ≡ κF − 1. The far-right hand 
side is valid for κV  1 which is supported by the current mea-
surement at the LHC [18]. We note that because of the σ ξF term 
of Eq. 15, we can take the so-called “wrong sign limit” [19] deﬁned 
by κF → −2. The case with this limit or this regime provides a 
phenomenologically interesting scenario, where loop induced de-
cay rates such as h → gg and h → γ γ can be modiﬁed from the 
SM prediction due to effects of interference even having the same 
or similar value of the decay rate of h → V V and h → f f¯ as those 
in the SM at the tree level.
Eq. (15) tells us the following important fact. As long as |ξF | >√
κV /(2− κV ) (≤ 1), the sign of κF is determined by the 
sign of σ ξF . In this case, the prediction of (κe, κd) in the four 
types of Yukawa interactions appears in the four different quadrant 
on the κe–κd plane for a ﬁxed σ which can be determined 
by measuring the sign of κu . Namely for κu > 0, the sign of 
(κe, κd) is predicted by (+, +), (−, −), (−, +) and (+, −) in 
the Type-I, -II, -X and -Y Yukawa interaction, respectively, while for 
κu < 0 these signs are ﬂipped as compared to the former case. 
Therefore, by the precise measurements of κe and κd , we can 
determine the type of Yukawa interaction in the 2HDM.
Although this statement is valid for the case with |ξF | >√
κV /(2− κV ) for all F as mentioned above, the case with 
at least one of |ξF | being smaller than 
√
κV /(2− κV ) is 
phenomenologically quite diﬃcult to realize in the Type-II, -X 
and -Y 2HDM, which is explained following. In order to achieve7
ξu(= cotβ) <
√
κV /(2− κV ), we need a rather large value 
of tanβ if κV  1. For example, when κV is given to be 
5% (1%), tanβ should be larger than about 6 (14) to satisfy 
cotβ <
√
κV /(2− κV ). The important point is that such a case 
gives a huge deviation in some of Yukawa couplings in the Type-II, 
-X, and -Y 2HDM. In fact in the Type-II 2HDM, κe(= κd) 
180% (200%) for the case of κV = 5% (1%), tanβ = 6 (14) and 
σ = −1. Similarly in the Type-X (Type-Y) 2HDM, κe (κd) be-
comes the above value, and it goes without saying that such a huge 
deviation has already been excluded by the current data at the 
LHC [18]. Therefore, if |ξF | <
√
κV /(2− κV ) is realized, only 
the Type-I 2HDM provides a phenomenologically acceptable sce-
nario.
Next, we consider the 3HDMs. In this case, the matrix R takes 
the 3 × 3 form, and its one of the explicit forms is given by [22]
R =
⎛
⎝cβ2 0 −sβ20 1 0
sβ2 0 cβ2
⎞
⎠
⎛
⎝cβ1 −sβ1 0sβ1 cβ1 0
0 0 1
⎞
⎠
=
⎛
⎝cβ1cβ2 −sβ1cβ2 −sβ2sβ1 cβ1 0
cβ1 sβ2 −sβ1 sβ2 cβ2
⎞
⎠ , for N = 3, (16)
7 For ξF = − tanβ , the condition |ξF | >
√
κV /(2− κV ) is satisﬁed unless we 
take tanβ < 1 which is disfavoured by the various B physics constraints mainly due 
to the enhancement of the top Yukawa coupling. See, e.g., [20,21] for the constraints 
on the parameter space from B physics in 2HDMs.
K. Yagyu / Physics Letters B 763 (2016) 102–107 105Fig. 1. Predicitons on the κτ and κb plane in the Type-I, -II, -X and -Y 2HDMs in the case of κV = 1%. The solid curves show the tree level prediction. Each dot on these 
curves denotes the prediction of the ﬁxed value of tanβ , where its value is written beside the dot. The grey shaded regions show the one-loop corrected results. The left 
and right panels respectively show the case for σ = −1 and σ = +1. The largest (green) dotted ellipse shows the 2σ error of the measurement of κτ and κb from the 
current LHC data extracted from Ref. [18], while the middle (cyan) and smallest (orange) ones respectively show the expected 2σ accuracy of the measurement at the LHC 
with the collision energy of 14 TeV and the integrated luminosity of 300 fb−1 and at the ILC with the collision energy of 500 GeV and the integrated luminosity of 500 fb−1
extracted from [35]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)where tanβ1 ≡ v2/
√
v21 + v23 and tanβ2 ≡ v3/v1. A similar but dif-
ferent parameterization of the three VEVs has also been given in 
Ref. [23]. Using this notation, each of ξaF factors are expressed as 
in Table 1, where we assign u = 2, and d,e = 1 (if these are 
different from u ) in the Type-II, -X and -Y interactions. For the 
Type-Z, we assign (u, d, e) = (2, 1, 3). Unlike the 2HDMs, 
the second term of Eq. (12) is not simply determined by κV , so 
that to get the prediction of κF , we need to further input (RH )21
and (RH )31 under the constraint of (RH )221 + (RH )231 = 1 − κ2V .
We here discuss critical differences of the Higgs boson cou-
plings between in the 2HDMs and in the 3HDMs. First, as it is 
immediately seen, the Type-Z Yukawa interaction is only realized 
in 3HDMs. In other words in 2HDMs, there is at least one pair 
of κF and κF ′ (F 
= F ′) with κF = κF ′ as seen in (8), while the 
Type-Z can provide the prediction of κu 
= κd , κd 
= κe and κe 
= κu . 
Next, in 2HDMs the prediction of κd 
= κe with κd,e > 0 or 
κd,e < 0 is not allowed as explained by the following. First of 
all, κd 
= κe is realized in the Type-X and Type-Y 2HDM. How-
ever, in these types, e.g., in the Type-X, ξe = − tanβ and ξd = cotβ . 
Therefore for a ﬁxed σ , the sign of κe is opposite to that of κd
as long as |ξF | >
√
κV /(2− κV ). On the other hand, this is not 
the case for the 3HDMs as it will numerically be shown in the next 
section.
3. Deviation in the Higgs boson couplings
In this section, we show the correlation between κτ and κb
in the 2HDMs and in the 3HDMs. We choose the following param-
eters as inputs:
κV , tanβ, σ , for the 2HDMs, (17)
κV , tanβ1, tanβ2, (RH )21, σ
′, for the 3HDMs, (18)
where σ ′ ≡ Sign[(RH )31]. In these input parameters for the 3HDM, 
|(RH )31| is derived by 
√
1− κ2V − [(RH )21]2. For all the calculations 
below, we scan the value of (RH )21 in the range from −
√
1− κ2V
to +
√
1− κ2V . In order to clarify the possible allowed predictions 
in the 3HDMs which cannot be explained in the 2HDMs, we take 
into account the one-loop electroweak corrections to the Yukawa 
couplings in the 2HDMs based on the on-shell renormalization scheme8 according to Refs. [24,25]. For the one-loop calculation, 
we scan the parameters of the 2HDM by m ≥ 300 GeV, tanβ ≥ 1
and |λh| ≥ 0 with λh ≡ (m2 − M2)/v , where m is the mass 
of extra Higgs bosons (here we assume that all the extra Higgs 
bosons are degenerate in mass), and M [26] is a dimensionful pa-
rameter which is irrelevant to the Higgs VEV (see, e.g., [24] for the 
detailed explanation about these parameters). For the SM inputs, 
we use the following values [27]
mt = 173.21 GeV, mb = 4.66 GeV, mc = 1.275 GeV,
mτ = 1.77684 GeV, mh = 125 GeV, αem = (137.035999074)−1,
mZ = 91.1876 GeV, GF = 1.1663787× 10−5 GeV−2,
αem = 0.06635, αs = 0.1185 GeV. (19)
We take into account theoretical constraints on the model param-
eters from the perturbative unitarity [28–31], the vacuum stabil-
ity [32], and the triviality with the criterion that the Landau pole 
does not appear below 3 TeV. We note that the amount of QCD 
corrections to the hbb¯ coupling can be a sub percent level in the 
SM [33], which are not included in our calculation.
First, we show the difference of the prediction of κτ and 
κb in the 2HDMs with four types of Yukawa interaction. In 
Fig. 1, we show the correlation between κτ and κb in the 
four types of Yukawa interaction in the 2HDM. We here take 
κV (= 1 − (RH )11) = 1%, tanβ ≥ 1 and σ = −1 (+1) in the left 
(right) panel. The solid curves show the tree level prediction, while 
the shaded regions do the one-loop corrected result. We can see 
that the predictions of the four types of Yukawa interaction are 
well separated in the κτ –κb plane even taking into account the 
one-loop correction to the Yukawa couplings. In this ﬁgure, we dis-
play the 2σ error of the measurement of κτ and κb at the LHC 
Run-1 experiment9 by the green dotted ellipse, where data from 
the ATLAS and CMS collaborations are combined [18]. In addition, 
we also show the expected 2σ accuracy of the measurement of 
κτ and κb at the LHC with 14 TeV and 300 fb−1 (denoted 
as LHC300) and at the International Linear Collider (ILC) with 500 
GeV and 500 fb−1 (denoted as ILC500). Although the current mea-
surement (LHC Run-1) is not enough accurate to separate the four 
8 In Ref. [34], improved renormalization schemes in the 2HDM have been pro-
posed where gauge dependences in the mixing angles are successfully removed.
9 Here, we extract the 2σ errors of τ and b from Ref. [18], but we do not use 
their central values.
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κτ and κb in the 2HDM and in the 3HDM in the case of κV = 1%. The left-upper, right-upper, left-lower and right-lower panel respectively shows 
the case for (Type-X, κu < 0), (Type-Y, κu < 0), (Type-X, κu > 0) and (Type-Y, κu > 0). Similar to Fig. 1, the black curve shows the tree level prediction, and the 
grey shaded region does the one-loop corrected result in the 2HDM. The red, blue, green and magenta curve respectively shows the tree level prediction in the 3HDM with 
tanβ1 = 1, 2, 3 and 5 in the 3HDM. For all the results in the 3HDM, we take tanβ2 = 1. The description of the three ellipses is the same as those in Fig. 1. (For interpretation 
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)types of Yukawa interaction in the conﬁguration with κV = 1%, 
we may be able to discriminate these types of Yukawa interaction 
by the future measurements at the LHC300 and the ILC500. We 
note that for a larger (smaller) value of κV , the distance of each 
prediction in the four types of Yukawa interaction becomes to be 
more (less) spread. As the extreme case, when κV → 0 is taken, 
all the predictions converge at (κτ , κb) → (0, 0).
Next, we compare the prediction of κτ and κb in the 2HDM 
and in the 3HDM. Because in the Type-I and Type-II case, tree level 
predictions in both the 2HDM and the 3HDM are given on the line 
of κb = κτ , it is diﬃcult to see the difference between these 
two models. We thus compare the prediction in the Type-X and 
Type-Y Yukawa interaction. In Fig. 2, we show the correlation be-
tween κτ and κb in the 2HDM and in the 3HDM in the case of 
κV = 1%. The results for the Type-X (Type-Y) are given in the left 
(right) panel, while those in the case for κu < 0 (κu > 0) are 
displayed in the upper (lower) panel. Clearly, we can ﬁnd the re-
gion which cannot be drawn by the one-loop corrected prediction 
in the 2HDM, but can be explained in the 3HDM. We note that 
in the 3HDMs with a larger (smaller) value of tanβ2, each of the 
parabolas becomes that with a larger (small) curvature through the 
same point given in the 2HDM denoted by the black dot.
Finally, we show the prediction in the Type-Z 3HDM on the 
κτ and κb plane (see Fig. 3). The left and right panel show 
the case for κu < 0 and κu > 0, respectively. We can see that 
the predictions with κτ,b > 0 (κτ,b < 0) and κτ 
= κb are 
allowed for the case of κu < 0 (κu > 0), which are not allowed in the 2HDMs at the tree level. Even if we take into account the 
one-loop corrections to the Yukawa coupling, only a few percent 
level of the difference between κτ and κb is allowed as we see 
in Fig. 1. Therefore, if the Higgs boson couplings are measured to 
be in this region, i.e., κτ,b > 0 (κτ,b < 0) and κτ 
= κb , it 
can be evidence for the MHDMs with N ≥ 3.
4. Conclusions
We have studied the SM-like Higgs boson couplings with weak 
bosons hV V and fermions hf f¯ in MHDMs with NFC. We have pre-
sented the generic expression for the scaling factors of κV and κF
in the model with N doublet scalar ﬁelds. As simple concrete ex-
amples, we have discussed the 2HDMs and the 3HDMs, and have 
presented the formulae of these scaling factors in terms of the 
ratios of the Higgs VEVs and the matrix elements of the diag-
onalization matrix for the CP-even scalar states for each type of 
Yukawa interaction. We then have shown the correlation between 
κτ and κb in the 2HDMs and in the 3HDMs under the as-
sumption that the hV V couplings deviate from the SM prediction 
by 1%. It has been clariﬁed that there are predictions in the κτ
and κb plane in the 3HDMs, which cannot be explained in the 
2HDMs even when taking into account the one-loop corrections to 
the Yukawa coupling.
We would like to mention that such a region can also be ex-
plained within a 2HDM if we relax the framework of NFC such 
as the so-called Type-III 2HDM. However, in such a model FCNCs 
K. Yagyu / Physics Letters B 763 (2016) 102–107 107Fig. 3. Predicitons of κτ and κb in the Type-Z 3HDM in the case of κV = 1%. The left (right) panel shows the case for κu < 0 (κu > 0). The value of tanβ2 is taken 
to be 1 (solid curve), 2 (dashed curve) and 1/2 (dotted curve). The description of the three ellipses is the same as that in Fig. 1.mediated by neutral Higgs bosons are naturally induced, so that 
measurements at ﬂavour experiments also become important to 
discriminate the models with NFC and those without NFC.
Finally, we brieﬂy comment on the case with CP-violation in 
the Higgs sector which is assumed not being occurred in this pa-
per. If there is a non-zero physical CP-violating phase in the Higgs 
potential, CP-even and CP-odd component scalar ﬁelds are mixed 
with each other. Through the mixing, the Yukawa coupling for the 
SM-like Higgs boson contains a term proportional to the γ5 matrix, 
which can modify various physical quantities such as decay rates 
and cross sections of the SM-like Higgs boson from the SM pre-
diction even if κF = 1 is taken. The collider phenomenology with 
such a CP-violating effect has been studied in Refs. [36–38] in the 
2HDMs. In addition, the method to extract the CP-even component 
(without γ5) and the CP-odd component (with γ5) of the htt¯ cou-
pling has been proposed in Ref. [39] by measuring the htt¯ cross 
section weighted by an operator constructed from the (anti-)top 
quark momentum.
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